Although it is considered a staple food, rice intake is under serious debate for its physiological usefulness, especially for diabetic patients, because of starch content. However, rice protein, the second major component of rice, has gained attention recently for its newly-discovered functions, which were previously unknown. Rice protein, a plant protein, shows multiple beneficial functions on lipid metabolism and diabetes and its complications, nephropathy, fatty liver and osteoporosis. Rice proteins of endosperm and bran, an ingredient of white rice and an unused product of brown rice, respectively, are valuable components for human health.
Introduction
Rice, one of the most important cereals in the world, is a major plant source of both energy and protein for human nutrition. Rice is a staple food for most Asian peoples and is important for life and survival. Research on rice has long focused mainly on starch because of rice's content of this major component. In recent years, because of the prevalence of diabetes, the usefulness of rice, especially white rice, has been questioned for human health (1) (2) (3) . The same argument is raised between refined grains and health in the US (4) . However, as historical trends show that there were far fewer diabetic patients in the 1950s and 60s when people consumed much more rice than today, we could postulate paradoxically that rice consumption may have a beneficial effect on diabetes.
Brown rice is considered healthier than white rice because most functional compounds such as phytochemicals and polyphenols are located mostly in rice bran. Therefore, do the people who eat white rice, over 90% of Japan's population, gain no benefit from eating it? This review addresses this question by investigating a "neglected" component, rice protein.
Rice protein is the second component of white rice; it is a third protein source of daily protein intake following meat and fish, and the primary protein source in plant foods in Japan (5) . Somehow, it has been almost neglected despite its health benefits. However, the time has come for understanding the quality of rice protein. This is especially true for rapidly-aging societies including Japan in which preventing frailty and sarcopenia to extend healthy life expectancy is urgent. High protein intake and its quality may be associated with low frailty or sarcopenia rates in older people (6, 7) . Thus, it is worth considering the quality of rice protein and discovering its physiological functions.
Unfortunately, rice endosperm protein (REP) is not commercially available on the market. However, recently, a simple, mass preparative procedure for REP was developed using an alkali extraction method. This isolate is characterized by .90% crude protein. Rice bran protein (RBP) has been obtained using a similar method. By using either of these protein isolates, researchers investigated rice protein's physiological functions. In this review, after a summary of endosperm and bran rice proteins, rice protein's functions on lipid metabolism related to cholesterol and triglycerides and diabetes and its complications (nephropathy, fatty liver and osteoporosis) are described.
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low glutelin and high prolamin content (1/3-fold and 3-fold those of Koshihikari, respectively) (10) and is termed a low protein rice, which implies that it has little "digestible" protein. Shunyo is used with kidney disease patients.
REP is isolated mainly by two methods (11) , the alkali extraction method using NaOH (AE-REP) and the starch-degraded method in which starch is degraded by a heat resistant a-amylase and removed (SD-REP). Kumagai et al. reported the mass preparative procedure by alkali extraction (12) . The amino acid composition of AE-REP is poor in sulfur containing amino acids, i.e., cysteine and methionine, compared with rice flour and SD-REP because of the alkali treatment. The general feature is 1/2 lower in lysine, but 2.5 times higher in arginine compared with casein, one of the most typical animal proteins.
Within REP, prolamin is known for its indigestibility as it is excreted as fecal protein particles (13) . However, prolamin in REP showed altered digestibility following alkali treatment and cooking (14, 15) . The alkali extraction procedure keeps prolamin as digestible as that in raw rice and improves the bioavailability of whole REP compared with cooked rice (12, 16) . Surprisingly, REP's protein efficiency ratio using alkali treatment was equivalent to that of casein. This was recently confirmed by Liu et al. (17) , who found that cooking induced disulfide bond cross-linking and decreased prolamin digestibility. After heat treatment like cooking, prolamin may still be indigestible; therefore, it can be regarded as a kind of resistant protein. Any functional components other than protein in the REP fraction remain to be confirmed. However, interestingly, the REP fraction may include phytochemicals such as lysoglycerophospholipids, fatty acids, and fatty acid-DPHEHP esters bound to REP, which may have antitumor activities (18) .
Rice bran protein
Rice bran is a by-product of the rice milling process that is derived from the outer layer of rice grain. RBP occupies about 12% of rice bran and is prepared using the alkali extraction method from defatted rice bran, which is essentially the same conventional method as that for REP (19) . RBP composition is more varied than that of REP because it can be contaminated with REP depending on the degree of milling, and depending on researchers' and suppliers' purification methods. However, RBP's amino acid composition is generally 2 or 3 times higher in glycine, alanine and arginine, and 2/3 lower in lysine, glutamine/glutamate and tyrosine, and 1/2 lower in proline compared with casein (Kubota M, Manuscripts in preparation).
Protein fraction distribution differs among rice varieties. Abediyi et al. (20) reported an RBP composition of 37% albumin, 31% globulin, 2% prolamin and 27% glutelin using a Japanese rice variety. Fabian and Ju (21) summarized the more detailed classification of RBP. Recently, the proteomic approach was applied to RBP analysis (22) , in which 43 proteins were identified and classified as signaling/regulation proteins, proteins with enzymatic activity, storage proteins, transfer and struc-tural proteins.
Over several decades of rice bran use, extraction methods have been devised for RBP because it cannot be solubilized. For example, the use of endopeptidases increased protein recovery. Hydrolysates of RBP produced by partial proteolysis enhanced functionalities such as protein solubility, foam capacity, foam stability and emulsification for food processing (23, 24) . Additionally, compared with soy protein isolates that often include phytochemicals like isoflavones, RBP from defatted rice bran does not include low molecular phytochemicals such as neutral sugar or feruloyl compounds, which are usually included in rice bran (Kubota M, Manuscript in preparation).
Improvement of Lipid Metabolism
Although phytochemicals such as g-oryzanols, tocols and polyphenols from brown rice have hypocholesterolemic and antiatherogenic effects (25) , the most-consumed rice by humans is white rice, so the effects of rice protein, a component of white rice, are reviewed.
Effect on plasma cholesterol and atherosclerosis
Studies on plant protein's physiological functions have been mostly performed on soy protein. There have been only limited studies with rice protein. Morita et al. first reported the hypocholesterolemic effect of REP and soy protein, the mechanism of which is through dietary low methionine contents rather than fecal bile acid excretion (11, 26) . Ten years later, we reported that REP from Koshihikari lowered cholesterol and triglycerides in the plasma and liver compared with casein in adult Wistar rats. Another rice cultivar, Shunyo, which is lower in glutelin and higher in prolamin than Koshihikari, showed the same effect as Koshihikari, which suggests that prolamin's digestibility does not contribute to this effect. In growing rats, however, the effect of REP was only observed in liver tissue, not in the plasma, which indicates that the response of lipid metabolism to REP may vary at different life stages (27) . As the mechanism of REP's cholesterol-lowering effect, increased fecal steroid excretion has often been observed, which may be ascribed to prolamin's property as resistant protein. However, considering that prolamin of AE-REP is digestible (14) , there may be another mechanism for this cholesterol lowering effect. Additionally, not only the cholesterol metabolism's digestive step but also the hepatic step may be important for the REP's effect. In fact, by using isolated perfused liver, REP showed a lipidlowering effect by inhibiting cholesterol and triglyceride hepatic secretion via VLDL into circulation, which decreased plasma lipids (28) . Therefore, one possible mechanism is through gene expression of the hepatic cholesterol metabolism, especially leading to bile acid synthesis.
Yang's group (29) investigated the strong correlation between the risk of hypercholesterolemia and oxidative stress. REP improved oxidative stress through regulating glutathione metabolism and attenuating oxidative damage to lipids and proteins, which resulted in a hypocholesterolemic action. Moreover, REP stimulated S44 the endogenous antioxidant potential through the Nrf2 pathway (30) to prevent ROS generation and induce Phase II antioxidants/detoxication enzymes (31, 32) . It may be possible that, within the components in REP, glutelin might play a dominant role in inducing an antioxidant response to rice protein compared with prolamin (33) .
It is interesting to see the effect of REP on atherosclerosis development in apoE deficient mice. Ni et al. reported that REP lowered atherosclerotic lesion formation in the aorta and in the aortic root in apoE deficient mice (34) . Burris et al. also reported that REP attenuates atherosclerosis initiation by upregulating key antioxidant enzymes, such as superoxide dismutase, catalase, glutathione peroxidase and glutathione reductase, to inhibit oxidative stress (35) . REP suppressed oxidized LDL generation without changes in LDL. Furthermore, Tong et al. found that a-globulin, a salt soluble polypeptide of REP, is an active component for suppressing atherosclerosis progression (36) . However, in these studies with apoE deficient mice, REP had no effect on serum cholesterol levels (34) (35) (36) . This is surprising because hypercholesterolemia seems to be an established risk factor for atherosclerosis. Thus, in these mice, the mechanism that inhibits atherosclerosis progression may not be lowered serum cholesterol levels. This segregation of REP's effect on serum cholesterol level and atherosclerotic lesion in different experimental animals remains to be solved.
Effect on plasma triglycerides and obesity
Compared with the hypocholesterolemic effect, the effect on plasma triglycerides and obesity by rice protein is not so reproducible. Results on plasma triglycerides are less reproducible and show a large variation. Therefore, there is less evidence for the effect on triglycerides and obesity (37, 38) . Yang et al. reported that REP improved plasma lipid levels and adiposity and body weight in Wistar rats by upregulating lipolysis (fatty acid synthase, glucose 6-phosphate dehydrogenase, and malate dehydrogenase) and downregulating lipogenesis (lipoprotein lipase and hepatic lipase) (37) . In hamsters with high-fat diets, REP, brown rice protein, and their hydrolysates lowered body weight gain and hepatic lipid content. They stimulated hepatic gene expressions, PPARa, ACOX1, CPT1 for lipid oxidation, and CYP7A1 for bile acid synthesis, and CYP51 for cholesterol synthesis (38) .
We tested the effect of REP and RBP on the body weight and adipose tissue mass (epididymal tissue) of C57BL/6J mice with high-fat diets. RBP significantly suppressed their body weight and adipose tissue weight (Kubota M. Manuscript in preparation). In this case, REP showed a similar tendency to RBP, but its suppression was not significant. However, REP a-globulin had no effect on plasma triglyceride levels in SD rats (36) , and the result that other fractions than a-globulin had a strong antiobesity effect was obtained in our laboratory.
Because rice protein has a higher arginine content than casein, REP's and RBP's mechanism may be due to arginine. In fact, dietary supplementation with arginine, the physiologic precursor of nitric oxide (NO), reduced white fat mass in Zucker Diabetic Fatty (ZDF) rats by enhancing NO synthesis, lipolysis and glucose and octanoate oxidation (39) . Moreover, in diet-induced obese rats, arginine supplementation shifted nutrient partitioning to promote muscle over fat gain and improved the metabolic profile and reduced white body fat (40) .
Amelioration of Diabetes, Its Nephropathy and Osteoporosis
Diabetes is the most prevalent non-communicable disease in the world. Whether white rice consumption is associated with a risk of diabetes remains disputed (1) (2) (3) . Therefore, it might be difficult to agree with the results that rice protein, a component of rice, has a beneficial effect on diabetes. However, at least in animal studies, rice protein has positive effects on diabetes and its complications including chronic renal disease, as described below.
Effect on glucose metabolism through intestinal GLP-1 secretion
Rice protein controls glucose metabolism by secreting gut hormone to promote insulin secretion. Glucagon like peptide-1 (GLP-1), one of the incretins, is an antidiabetic gut hormone released from L cell in the lower small intestine by luminal nutrient stimulation. Ishikawa et al. (41) observed that REP, RBP and their peptides stimulated the GLP-1 release from cultured enteroendocrine cell line GLUTag into the medium and increased its release and enhanced the ratio of active/ total GLP-1 in the blood from ligated ileal loops of anesthetized SD rats. These peptides also suppressed dipeptidyl peptidase IV activity, which shortens the half-life of plasma GLP-1 by immediately degrading the peptide. This GLP-1 secretion finally improves glucose tolerance by enhancing insulin secretion. Protein hydrolysate fractions from REP-globulin, albumin, prolamin and glutelin-were examined, all of which exhibited glycemic response, but globulin had the highest effect. As another protein stimulant, corn zein hydrolysate has a distinct effect on GLP-1 secretion (42, 43) .
Effects on diabetic nephropathy in animals and humans
Type 2 diabetes mellitus (T2DM) is associated with various complications of microvascular diseases including diabetic neuropathy, diabetic retinopathy and diabetic nephropathy. Two types of T2DM exist, obese and non-obese types. The quality of dietary protein to diabetic nephropathy has been reported using soy protein (44) (45) (46) (47) . The effect of rice protein has also recently been reported in experimental models of T2DM, Goto-Kakizaki (GK) rats and ZDF rats. In non-obese, spontaneous T2DM model GK rats, which are a diabetic model for Asian patients, REP was investigated (48) . When they were fed with diets including 30% sucrose-known to be deleterious to diabetic rodents-compared with casein diet for 10 wk under the equal feed intakes, they showed no improvement in blood glucose levels, but significantly ameliorated kidney damage such as urinary albumin excretion and mesangial matrix, an index of glomerular tissue damage. In obese, spontaneous T2DM model ZDF rats, which have a defect in the leptin receptor and are a genetically obese, a diabetic model for Caucasian patients, the experiments were performed for 8 wk (49) . Symptoms of diabetes, glucose homeostasis, fatty liver and nephropathy were much more severe than those in GK rats. When they were fed regular diets with 20% protein under the equal feed intakes, both REP and RBP markedly suppressed hemoglobin A1c and lipid accumulation in the liver, which improved glucose homeostasis and fatty liver. The effect of RBP on fatty liver was remarkable: hepatic lipids declined to normal levels. Additionally, it significantly lowered urinary albumin excretion and mesangial matrix score, which ameliorated renal failure progression. In ZDF rats, RBP always exhibited superior effects on symptoms. Recently, similar findings were reported in db/db mice that RBP hydrolysates ameliorate diabetic nephropathy progression by lowering blood glucose levels, suppressing proinflammatory and profibrotic protein expression and enhancing the antioxidant system function (50) .
During diabetic nephropathy in the conservative phase patients, dietary protein reduction is recommended to protect nephropathy progression, although no clear evidence of the effect of protein restriction on chronic kidney disease (CKD) patients has been established (51) (52) (53) . However, dietary interventions to improve nutritional states are urgently necessary in patients with end stage of renal disease when maintenance hemodialysis (MHD) treatment is introduced. A low-protein intake is associated with poor survival (54) . Thus, dietary protein should be increased in these patients. Additionally, hyperphosphatemia is a common problem in patients with advanced CKD and may lead to renal osteodystrophy and arteriosclerosis stimulation with higher mortality (55) . In such cases, reducing dietary phosphate may be critically important. Fortunately, REP is characterized by .80% protein, with lower amounts of phosphorus compared with soy (230 vs. 790 mg/100 g) (48) . By using this unique property of rice protein, Hosojima et al. investigated the usefulness of REP for MHD patients who consumed protein without increased phosphorus and suggested REP may become an excellent source of dietary protein supplement for MHD patients (56) . REP was palatable for most patients and no patients dropped out during the 4 wk study. Food with a low phosphorus to protein ratio may be most appropriate for CKD patients. Choosing the appropriate type of protein may delay diabetic nephropathy progression without the risks associated with protein restriction. As a plant protein source, REP is comparable to soy protein, and might be more effective from the perspective of its low P content and an increased palatability for patients in Asian countries.
Effect on osteoporosis in diabetes
Diabetes mellitus adversely affects the skeleton and is associated with an increased risk of osteoporosis and fragility fractures recognized as skeletal complications (57, 58) . Because the plasma osteocalcin level was improved by both rice proteins during the experi-ment with ZDF rats, the effect of rice proteins on bone metabolism was investigated in our laboratory (59, 60) . In ZDF rats, parathyroid hormone and fibroblast growth factor 23, which regulates blood phosphorus, increased according to the condition and bone strength decreased despite no change in bone mineral density. REP and RBP restored bone maximum load and stiffness and also improved bone microstructures such as cortical bone thickness, trabecular bone thickness and trabecular number of ZDF rats. Both proteins were effective, but RBP was always stronger, which implies the contamination of unknown compounds in RBP.
Interestingly, dietary protein from bonito fish improves T2DM-induced bone frailty in GK rats (61) . Additionally, the effects of l-arginine and soy protein were reported in streptozotocin-induced diabetic rats (62) . However, l-arginine, the precursor of NO, did not prevent bone loss in postmenopausal women (63) . The mechanism of rice proteins on osteoporosis in T2DM should be solved.
Conclusion
These functions of rice protein described above can be beneficial as a supplement and should be evaluated to determine whether they are efficacious even when ingested as whole rice, whether white rice or brown. This understanding will add new knowledge on the functional properties of plant proteins together with soy protein. In addition to the above topics, other functions such as immunological properties as a hypoallergenic protein and prolamin's unique feature as a resistant protein in the gastrointestinal environment will also be clarified. Furthermore, clinical studies are required for evaluating these new intriguing functions.
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